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Objective: To test whether the interaction between annulus ﬁbrosus cells (AFCs) and endothelial cells
(ECs) disrupts matrix homeostasis and stimulates production of innervation mediators.
Methods: Human microvascular ECs were cultured in the conditioned media of AF cell culture derived
from degenerated human surgical specimen. Matrix-metalloproteinases (MMPs) and platelet-derived
growth factor (PDGF) of ECs of this culture were analyzed by qRT-PCR, Western, and immunoﬂuores-
cence. Vascular endothelial growth factor (VEGF), Interleukin-8 (IL-8), and nerve growth factor (NGF) in
the media of this cell culture were assayed by ELISA. To determine the effects of ECs on AFCs, qRT-PCR
was performed to determine mRNA levels of collagen I, II and aggrecan in AFCs cultured in EC condi-
tioned media.
Results: Compared to ECs cultured in naïve media, ECs exposed to AFC conditioned media expressed
higher mRNA and protein levels of key biomarkers of invasive EC phenotype, MMP-2 (2), MMP-13 (4),
and PDGF-B (1.5e2), and NGF (24.9  15.2 pg/mL vs 0 in naïve media). Treatment of AF cells with EC
culture conditioned media decreased collagen type II expression two fold. Considerable quantities of pro-
angiogenic factors IL-8 (396.7  302.0 pg/mL) and VEGF (756.2  375.9 pg/mL) were also detected in the
conditioned media of untreated AF cell culture.
Discussion: AFCs from degenerated discs secreted factors which stimulated EC production of factors
known to induce matrix degradation, angiogenesis, and innervation. IL-8 and VEGF maybe the secreted
factors from AFCs which mediate a pro-angiogenic stimulus often implicated in the development of disc
degeneration.
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r Ltd on behalf of Osteoarthritis ReIntroduction
Intervertebral disc degeneration (IDD) is an underlying etiology
of many chronic debilitating and pathological disorders, including
spinal stenosis, radiculopathy, disc herniation, and low back pain1.
The incidence of disc degeneration increases with age, and the
majority of lumbar intervertebral disc (IVDs) show some evidence
of degeneration by the ﬁfth decade2. However, the pathomechan-
ism of IDD has not been thoroughly elucidated.
Maintaining the integrity of the annulus ﬁbrosus (AF) structure
is crucial to the long-term health and function of the IVD. This issearch Society International.
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between adjacent vertebral bodies and maintaining both osmotic
and load induced pressurization in the nucleus pulposus (NP)3,4.
Matrix homeostasis is preserved by balancing cell-mediated cata-
bolic and anabolic processes in disc tissue. Since collagen is the
most abundant matrix protein the AF, matrix-metalloproteinases
(MMPs) which degrade collagen have been extensively explored in
the study of disc degeneration. Expressions of a number of MMPs,
including the collagenases, have been shown to increase with
increasing degeneration in human disc tissue5,6. Pathologic
destruction of AF matrix is thought to be the consequence of
overexpression and dysregulated enzymatic action of these MMPs.
Although it has been generally assumed that the resident disc cells
generate these MMPs, there is no deﬁnitive evidence excluding the
contribution of other non-disc cell sources in producing the MMPs
detected in degenerative discs.
With the exception of the outer third of AF, the normal adult IVD
is avascular and aneural. Neo-vascularization has been thought to
be a speciﬁc end-product of IVD degeneration since it has been
frequently observed in degenerated human disc tissue7e9. Endo-
thelial cells (ECs) are primarily responsible for angiogenesis. When
activated in the early stage of angiogenesis, ECs produce a number
of MMPs necessary for degradation of the basement membrane to
allow invasion into the tissue. This process includes EC cell
migration and removal of obstructing matrix proteins which create
space in the extracellular matrix to allow for the generation and
invasion of EC tubules10,11. Angiogenesis is also associated with
nerve growth12. Microvascular blood vessels observed in degen-
erated AF and NP tissue are typically accompanied by nerve
microﬁbers12,13. In the studies of painful rheumatic arthritis and
osteoarthritis, pathologic nerve in-growth was also reported to be
closely related with angiogenesis14,15. Thus, angiogenesis may
provide not only a source of matrix destabilizing MMPs but also a
source of pain development in disc degeneration. AF cells from
degenerative discs produce and secrete vascular endothelial
growth factor (VEGF) under various experimental conditions8,16,17
and therefore have the potential to promote neo-angiogenesis by
acting on the endogenous ECs present in the outer AF vasculature
and ﬁssure sites. While it has been generally assumed that VEGF
production by AF cells can induce vascular in-growth in symp-
tomatic degenerated discs, the underlying cellular interactions and
mechanisms have not been elucidated.
The present study investigated the effects of secreted factors in
the conditioned media of AF cells on ECs and vice versa as an initial
effort to understand the cellular communication between ECs and
AF cells, which is expected to occur during the process of neo-
vascularization in degenerating discs. We hypothesize that in-
teractions between ECs and degenerative AF cells promote an
invasive endothelial phenotype that is capable of (1) degrading the
AF matrix and (2) promoting nerve in-growth. We tested this hy-
pothesis by investigating the effects of the conditioned culture
media of primary human AF cells on a human EC line to examine
the potential consequences of such interaction on matrix catabo-
lism, anabolism, and nerve in-growth.
Materials and methods
AF cell culture and conditioned media generation
Human AF cells were isolated from the disc tissue of eight pa-
tients (mean age  SE ¼ 42.8  3.8; female:male ¼ 6:2; mean
Pﬁrrmann grade18  SE ¼ 2.8  0.7) removed during elective sur-
gical procedures for degenerative disc disease. Tissue specimens
were placed in sterile Ham’s F-12 medium (F-12; GibcoBRL, Grand
Island, NY) containing 1% penicillin/streptomycin (P/S; GibcoBRL)and 5% fetal bovine serum (FBS; GibcoBRL). AF tissue was washed
three times with Hank’s balance salt solution (HBSS; GibcoBRL)
containing 1% P/S to remove blood and other bodily contaminants
prior to isolation. Specimens were minced and digested for 60 min
at 37C under gentle agitation in F-12 medium containing 1% P/S,
5% FBS, and 0.2% pronase (Calbiochem, La Jolla, CA). The specimens
were rinsed three times with HBSS and 1% P/S and incubated
overnight in a solution of F-12 medium containing 1% P/S, 5% FBS,
and 0.025% collagenase I (Sigma Chemical Co, St. Louis, MO). A
sterile nylon mesh ﬁlter (70 mm pore size) was used to separate
suspended cells from the remaining tissue debris. Isolated cells
were centrifuged (2000 rpm, 5 min) and resuspended in F-12
medium with 10% FBS and 1% P/S. Cells were plated in a 75-cm2
culture ﬂask (VWR Scientiﬁc Products, Bridgeport, NJ) and incu-
bated at 37C, 5% CO2, 20% O2 in a humidiﬁed incubator. Culture
mediumwas changed three times weekly and cultures were grown
to 90% conﬂuence. Cells were then trypsinized, re-plated (6  105
cells/mL) in 75-cm2 culture ﬂasks. After cultures were grown to 90%
conﬂuence, the culture media was changed to MCDB 131 media
(MCDB; GibcoBRL) containing 1% FBS, 2 mM L-Glutamine (Gib-
coBRL), 1% P/S and cultured for an additional 48 h. The media
collected from this AF culture is deﬁned in this study as annulus
ﬁbrosus conditioned media (AFCM) as shown at STEP 1 in Fig. 1.
AFCMwas cleared of cellular debris by 15 min centrifugation at 4C
at 600 g and repeated once more at 1500 g.
Immortalized human microvascular endothelial cell (HMEC-1) line
culture
HMEC-1 were cultured in MDCB containing 10 ng/mL epidermal
growth factor (EGF; GibcoBRL), 500 mg/mL hydrocortisone (Sigma),
1% P/S, 2 mM L-Glutamine and supplemented with 10% FBS, as
routinely done with this cell line. Passage 5e10 cells were plated at
75-cm2 culture ﬂask and grown to 90% conﬂuence. HMEC-1 line
was established from human dermal microvascular ECs and
immortalized by transfection with a pBR322-based plasmid con-
taining the coding region for the simian virus 40 large T-antigen19.
Morphologic characterization of HMEC-1
To conﬁrm the EC characteristics, HMEC-1 (1.5  104) were
grown for 12 h at 37C in a Lab-Tek II chamber slide (Thermo Fisher
Scientiﬁc) coated with Matrigel (BD bioscience) according to the
manufacturer’s protocol. The formation of capillary-like structures,
which represent the degree of angiogenesis in vitro20, was captured
at different times (1, 6, 9 and 12 h) under a light microscopy (100).
Culturing HMEC-1 with AFCM
HMEC-1 cells were cultured with normal media (MDCB con-
taining 10 ng/mL EGF, 1% P/S, 2 mM L-Glutamine and supplemented
with 1% FBS) as a control groupdcontrol ECs (CtrEC), and HMEC-1
cells were cultured with AFCM and added 10 ng/mL EGF and 2 mM
L-Glutamine as an experimental groupdexperimental ECs (ExpEC).
Both groupswere cultured for 48 h as shown at STEP 2 in Fig.1. Cells
and conditioned media (CM) were collected for RT-PCR and West-
ern blotting, respectively.
Culturing AF with ECCM
To investigate the effect of ECs on matrix gene expression of AF
cells, EC conditioned media (ECCM) is made by culturing ECs for 2
days. AF cells were cultured with ECCM as experimental group
(ExpAF) and AF cells were cultured with normal media as control
group (CtrAF) [Fig. 3(A)].
Fig. 1. Experimental design. The media collected from AF culture (STEP 1) is referred in text as AFCM. HMEC-1 cells were then cultured with AFCM for 48 h (STEP 2) to obtain
experimental conditioned media (ExpCM) and experimental endothelial cells (ExpEC). For controls, HMEC-1 cells were cultured with naïve media to obtain control conditioned
media (CtrCM) and control endothelial cells (CtrEC). VEGF and IL-8 from AFCM were determined by ELISA. MMP and PDGF mRNA levels from expEC and ctrEC were determined by
RT-PCR. MMP and PDGF proteins from expCM and ctrCM were measured by ELISA and Western. Intracellular PDGF of expEC and ctrEC was assayed by immunoﬂuorescence. The
independent samples from four different patients were tested, each sample was done in duplicate. Values represent the average of four independent experiments (VEGF and IL-8
measurement were from seven independent experiments)  95% conﬁdence interval (95% CI).
Fig. 2. Morphological characterization of HMEC-1 cells. The formation of capillary-like structures was observed in HMEC-1 cell culture on the Matrigel (100 magniﬁcation). Six
hours after seeding on the Matrigel, the cells began to coalesce to form branching network (B), and this continued (CeD) until 24 h when a network of interconnected thickened
loops was completed. These cellular morphologies are characteristic of ECs grown on Matrigel.
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Fig. 3. Effect of HMEC-1 on matrix gene expression of AF cells. AF cells were exposed for 2 days to the conditioned culture media of HMEC-1 (ECCM) or naïve media as a control (A)
and qRT-PCR was performed to measure the levels matrix gene expression of aggrecan, collagen type 1 and type 2. Compared to naïve media, AF cultured in ECCM expressed lower
mRNA level of collagen II (0.48) while mRNA levels of collagen I and aggrecan showed no signiﬁcant differences between the two groups. Values are mean  95% CI of n ¼ 4. *:
P < 0.05 vs CtrAF.
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RT-PCR
Total RNA was extracted at three different time points (6, 12 and
24 h after exposure) from CtrEC and ExpEC, and at 12 h time point
from CtrAF and ExpAF using the RNeasy Plus Mini-Kit (Qiagen). RNA
was analyzed in duplicate reactions by real-time RT-PCR (iCycler
IQ4, Bio-Rad) to determine mRNA levels of selected matrix-metal-
loproteinases (MMP-1, MMP-2, MMP-3, MMP-12, MMP-13, MMP-
14) and platelet-derived growth factor (PDGF)-B from CtrEC and
ExpEC. mRNA levels of collagen I, II and aggrecan from CtrAF and
ExpAF were also measured. Cycle threshold (Ct) values were ob-
tained and normalized to that of the housekeeping gene GAPDH.
The DDCt method21 was used to calculate the relative mRNA
expression levels of each target gene between each group. The se-
quences of primers used for each target are summarized in Table I.
The same amount of total RNA (35 ng) per samplewas used. The PCR
cycle number cut off for gene expression analysis was 35, and the
GAPDH values of ECs (17.84e18.07 range) and AF cells (18.70e19.00
range) remained relatively constant in different culture conditions.Western blotting analysis
After CtrEC and ExpEC were cultured for 48 h, CM from each
group (CtrCM and ExpCM) was collected and cleared of cellularTable I
The sequences of PCR primers
Gene Forward (50/30) Reverse (30/50)
GAPDH GAGGCCGGTGCTGAGTAT GCGGAGATGATGACCCTTTTGG
MMP1 GAGCTCAACTTCCGGGTAGA CCCAAAAGCGTGTGACAGTA
MMP2 GCGCCGTCGCCCATCATCAA AGCTCTCCTTGGGGCAGCCA
MMP3 CAAGGAGGCAGGCAAGACAGC GCCACGCACAGCAACAGTAGG
MMP12 CCAACGCTTGCCAAATCCT CCACGGTAGTGACAGCATCAA
MMP13 TGCTTCCTGATGACGATGTAC TCCTCGGAGACTGGTAATGG
MMP14 GCGGGGCATCCAGCAACTT GGCCGGGAGGTAGTCCTGGG
PDGF-B CGAGTTGGACCTGAACATGA GTCACCGTGGCCTTCTTAAAdebris by centrifugation as described above. CtrCM, ExpCM and
AFCM were concentrated using spin columns (Amicon Ultra-15
3 kDa NMWL; Thermo Fisher Scientiﬁc) for Western blotting.
CtrEC and ExpEC cells were collected, washed twice with ice-
cold PBS before being scraped into PBS and spun at 840 g for
5 min. The pelleted cells were extracted in RIPA buffer (Sigma)
supplemented with Protease Inhibitor cocktail (Sigma), and
cellular debris was removed by centrifugation at 12,000 g for
20 min. The protein-containing supernatant ﬂuid was collected
for Western blotting. Protein concentration was determined us-
ing the BCA Protein Assay Kit (Thermo Fisher Scientiﬁc) and
stored at 80C.
Protein samples (25 mg) were subjected to reducing SDSePAGE
and transferred to low-ﬂuorescence background polyvinylidene
ﬂuoride membranes (Millipore). Membranes were blocked in 3%
BSA for 1 h and probed overnight at 4C with one of these anti-
bodiesdMMP-1, Abcam (ab28196), Cambridge, MA; MMP-2,
Abcam (ab37150); MMP-12, Abcam (ab52897); MMP-13, Abcam
(ab39012); MMP-14, (Santa Cruz, sc-12366); PDGF-B (Santa Cruz,
sc-127); Actin, Abcam (ab1801)din 0.5% BSA in TBS-T. After
washing, membranes were incubated for 1 h with the appropriate
secondary antibody diluted 1:10,000 in 0.5% BSA in TBS-T. Protein
bands were visualized with VersaDoc imaging system (Bio-Rad)
and quantiﬁed by Quantity-One software (Bio-Rad). The samples
from four different patients were tested and each blot was done in
duplicate. The statistical quantiﬁcation (MMP-2 and MMP-13) and
representative scans were presented.Enzyme-linked immunosorbent assays
The pro-angiogenic factors VEGF and Interleukin-8 (IL-8) were
measured in un-concentrated AFCM (R&D Systems, IL-8: DY208;
VEGF: DY293B). Nerve growth factor (NGF), a pro-innervation fac-
tor, was measured in un-concentrated CtrCM and un-concentrated
ExpCM. ELISA assays were done using the commercially available
kits (R&D Systems, NGF: DY256) in accordance with the manufac-
turer’s instructions.
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To localize VEGF expression in AF cells, AF cells in a chamber
slide were incubated with rabbit polyclonal VEGF antibody (1 mg/
mL; ab46154; Abcam) followed by incubation with the Alexa ﬂuor-
488 conjugated antibody (1:500 dilution, donkey anti-rabbit;
Invitrogen, Carlsbad, CA). Cells were mounted using Prolong Gold
Antifade reagent with DAPI (Invitrogen) and examined under the
confocal LSM700 Laser Scanning Microscope (Carl Zeiss, Germany).
PDGF and NGF expression in HMEC-1 cells after culturing with
AFCM were also investigated using rabbit polyclonal PDGF-B anti-
body (1:200 dilution; sc-127; Santa Cruz) and rabbit polyclonal
NGF antibody (1 mg/mL; ab6199; Abcam), respectively. Negative
controls were included in which the same cells were immuno-
stained without incubation with primary antibody. There was no
non-speciﬁc binding background in our negative controls.
Cell viability/cytotoxicity test
Cell viability/cytotoxicity was measured using Cell Counting Kit
(CCK)-8 (Dojindo, Kumamoto, Japan) as described by the manu-
facturer. The control group was HMEC-1 cells cultured with normal
media (MDCB) as routinely done with this cell line. Cell viability/
cytotoxicity was represented as the percentage of the control
samples (100%).
Statistical analysis
The independent samples from four different patients were
tested; each sample was done in duplicates. Values represent the
average of four independent experiments (VEGF and IL-8 mea-
surement were from seven independent experiments)  95% con-
ﬁdence interval (95% CI). ManneWhitney U test was performed
with the between-subject factors for different treatments. Signiﬁ-
cant differences were deﬁned at P values <0.05. IBM SPSS statistics
version 20 was used for statistical analysis.
Results
Morphologic characterization of HMEC-1
A key phenotypic feature of microvascular ECs is their capacity
to form capillary-like structures. To verify that HMEC-1 maintains
this phenotype in culture, we seeded these cells onMatrigel and 6 h
later observed that cells had begun to form cohesive branched
structures [Fig. 2(B)]. Cells continued to form branching networks
of interconnected, thickened loops [Fig. 2(C) and (D)]. TheseFig. 4. VEGF and IL-8 production from AF cell culture. AF cell culture derived from degen
considerable amounts of the key pro-angiogenic activators of ECs, VEGF and IL-8. (A) VEGF
Immunoﬂuorescence also revealed intracellular distribution of VEGF throughout the AF celfeatures persisted until about 24 h of culture. Thus the HMEC-1
used in the present study exhibited the morphologic characteris-
tics of ECs.
Gene expression of collagen II is decreased in AF cells after culturing
in EC conditioned media
AF cells cultured in ECCM expressed signiﬁcantly lower mRNA
levels of collagen II (0.48) compared to AF cells cultured in naïve
media. On the other hand, expression levels of collagen I and
aggrecan showed no signiﬁcant differences between these two
groups [Fig. 3(B)].
VEGF and IL-8 produced by AF cell culture
756.2  375.9 pg/mL VEGF and 396.7  302.0 pg/mL IL-8, were
measured from AFCM [Fig. 4(A)]. Immunoﬂuorescence stain also
showed prominent distribution of VEGF throughout the nucleus
and cytoplasm in AF cells [Fig. 4(B)]. These ﬁndings demonstrated
that AF cells isolated from degenerative disc tissue, even under
unstimulated state, are capable of producing high amounts of IL-8
and VEGF, both are known pro-angiogenic activators of ECs.
Exposure to AF condition media induced PDGF expression in HMEC-
1 cells
HMEC-1 cultured in AFCM expressed signiﬁcantly higher mRNA
level of PDGF-B, a marker of invasive ECs, compared to HMEC-1
cultured in naïve media (2.5 at 24 h, [Fig. 5(A)]). Western anal-
ysis also revealed elevated PDGF-B protein level in the conditioned
media of HMEC-1 cultured in AFCM [Fig. 5(B)]. The absence of
PDGF-B protein in AFCM [Fig. 5(B)] demonstrated that PDGF-B was
not made by AF cells, but rather this protein was produced exclu-
sively by HMEC-1 following exposure to AFCM. Immunoﬂuores-
cence data also revealed condensed cytoplasmic PDGF-B localized
into a Golgi in HMEC-1 cultured in AFCM for extracellular release by
exocytosis, whereas HMEC-1 cultured in naïve media display a
nuclear staining for PDGF-B22,23 [Fig. 5(C)].
Effects of AFCM on MMPs expression from HMEC-1
Compared to naïve media exposure, HMEC-1 exposed to AFCM
showed increased mRNA levels of MMP-2 (2) and MMP-13
(4.1), decreased MMP-1 mRNA expression and no difference in
MMP-14 mRNA expression [Fig. 6(A)]. Western analysis conﬁrmed
the enhanced secretion of MMP-2 and MMP-13 proteins in the
culture media of HMEC-1 following exposure to AFCM [Fig. 6(B)].erative disc tissue, in the absence of any additional stimulus, expressed and secreted
and IL-8 from AFCM were measured by ELISA. Values are mean  95% CI of n ¼ 7. (B)
ls.
Fig. 5. Inﬂuence of AF cell culture conditioned media on PDGF expression from HMEC-1 cells. (A) Compared to ECs cultured in naïve media (CtrEC; circles), ECs cultured in AFCM
(ExpEC; triangles) expressed signiﬁcantly higher amount of PDGF-B mRNA at all the time points tested. Values are mean  95% CI of n ¼ 4. *P < 0.05 vs CtrEC. (B) Western analysis
detected secretion of PDGF-B only in ExpCM and not in AFCM or CtrCM. (n ¼ 4). (C) Immunoﬂuorescence data revealed condensed cytoplasmic PDGF-B localized into a Golgi in
HMEC-1 cultured in AFCM (bottom panel) for extracellular release by exocytosis, whereas HMEC-1 cultured in naïve media display a nuclear staining for PDGF-B (top panel).
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pressed by AFCM [Fig. 6(B)]. Quantitative Western analysis showed
that AFCM exposure greatly induced HMEC-1 production of the
active MMP-2 (66 kDa) but not the inactive MMP-2 proform
(72 kDa) [Fig. 6(B)].
Increased NGF production and secretion from HMEC-1 after
culturing in AFCM
Exposure of HMEC-1 to AFCM dramatically induced NGF
secretion into the culture media in a time-dependent manner
(24.9  15.2 pg/mL at 48 h time point) [Fig. 7(A)]. NGF was not
detected in the AFCM. No NGF was detected in the media of HMEC-
1 cultured in naïve media. Immunoﬂuorescence stain also
conﬁrmed the increased NGF protein expression in HMEC-1 cells
following AFCM exposure [Fig. 7(B)].
Cell viability/cytotoxicity test
The CCK-8 assay was performed to ensure that the observed
results were not inﬂuenced by the cytotoxic effects. There was no
difference of cell viability/cytotoxicity between the control and
experimental groups (data not shown).
Discussion
Neo-angiogenesis is commonly found in symptomatic degen-
erated discs. This study interrogated whether factors secreted by
AF cells isolated from degenerative discs promote angiogenic
phenotype in ECs. Our study was guided in part by previous re-
ports citing AF cells as a producer of VEGF, a major pro-angiogenic
factor. Moreover, although strong associations have been noted
between vascular in-growth and disc degeneration, no one to date
has queried how angiogenesis might mediate pathologic disc
matrix degradation.Possible activation of ECs through VEGF and IL-8 secretion from AF
cells
The process of angiogenesis can be divided into ﬁve distinct
steps: (1) degradation of the EC-lining basement membrane, (2)
proliferation and invasion of ECs through surrounding interstitial
matrix, (3) differentiation of ECs into tube-like structures, (4) sta-
bilization of vessels, which involves forming new basement
membranes, and (5) vascular pruning or regression10,24.
Throughout angiogenesis, ECs undergo phenotypic changes in a
stage-speciﬁc manner. In the early stages of angiogenesis, ECs
become tip cells, a highly migratory phenotype that extends the
sprout through the extracellular matrix (ECM)25,26. Tip cells show
enriched expression of platelet-derived growth factor-B (PDGF-
B)24,25, a secretary protein essential for vessel maturation following
invasion. Thus, PDGF-B does not necessarily induce ECs to differ-
entiate into tip cells but rather it has been widely regarded as a
speciﬁc marker of tip cell phenotype27. Our RT-PCR, Western blot,
and immunoﬂuorescence data all indicated that AFCM induced ECs
to produce and secrete high amount of PDGF-B, suggesting that
annulus ﬁbrosus cells (AFCs) derived from degenerated discs
secreted factors which promote EC tip cell phenotype.
VEGF is a primary soluble factor responsible for activating ECs
into tip cells10,24e27. To ensure local activation, VEGF-A also induces
expression of Delta-like 4 ligand which activates the notch
signaling pathway in neighboring cells to prevent these cells from
becoming tip cells (lateral inhibition)27. IL-8, a chemokine with a
deﬁning CXC amino acid motif that was initially characterized for
its leukocyte chemotactic activity, is also known to regulate
angiogenesis through enhancing EC survival, proliferation, and
MMP-2 production28,29. In our study, AF cells isolated from
degenerative disc tissue express considerable amounts of the two
most potent pro-angiogenic regulators, VEGF and IL-8 without any
stimulation. Multiple investigators have reported similar observa-
tion of VEGF expression, but IL-8 production from unstimulated AF
cells has not been reported prior to this study8,16.
Fig. 6. Inﬂuence of AF cell culture conditioned media on MMPs expression from HMEC-1 cells. (A) qRT-PCR measurement of MMP mRNAs. Compared to ECs exposed to naïve media (CtrEC), ECs cells exposed to AF conditioned media
(ExpEC) signiﬁcantly up-regulated MMP-2 and MMP-13 while down regulated MMP-1 mRNA expression. MMP-14 mRNA levels remained unchanged between the two groups. Values are mean  95% CI of n ¼ 4. *: P < 0.05 vs CtrEC. (B)
Western analysis of MMP proteins in culture condition media. Western results conﬁrmed mRNA results, showing enhanced secretion of MMP-2 and MMP-13 in ExpCM compared to those in AFCM and CtrCM. MMP-2 in ExpCM was not
only up-regulated in total amount, but the increase was also mainly in the active form (66 kDa) of MMP-2. MMP-14 protein was not signiﬁcantly changed in ExpEC relative to CtrEC. “Relative Expression Change” represented relative
value compared to reference value of AFCM, which is normalized to 1. Values of each quantiﬁcation are mean  95% CI of n ¼ 4. *: P < 0.05.
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Fig. 7. Inﬂuence of AF cell culture conditioned media on NGF expression from HMEC-1 cells. (A) ELISA assay showed that ECs cells exposed to AF conditioned media (ExpCM)
signiﬁcantly up-regulated NGF in a time-dependent manner. This is in contrast to the undetectable level of NGF in the culture media of ECs exposed to naïve media (CtrCM). (B)
Immunoﬂuorescence assay revealed an increase in intracellular NGF in HMEC-1 treated with AF conditioned media (ExpEC) compared to HMEC-1 culture alone (CtrEC). However,
the presence of NGF-immunopositive cells in the CtrEC group suggests that HMEC-1 express but do not secrete NGF under unstimulated condition. Values are mean  95% CI of
n ¼ 4. *P < 0.05.
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MT1-MMP (MMP-14), MMP-2, and MMP-9 in tip cells are the
primary enzymes that facilitate basement membrane degrada-
tion10,30. Aside from matrix degradation, MMP-2 also exposes a
hidden avb3 binding site on collagen IV that facilitates EC adhesion
and migration and appears to stimulate pathologic angiogenesis31.
When these ECs invade the ECM, they proliferate and eventually
reform tubular structures, and MT1-MMP, MMP-2 and MMP-9
continue to be the dominant MMPs in this process. However,
other MMPs such as MMP-3, MMP-7, MMP-13, MT2-MMP, and
MT3-MMP play the auxiliary roles in the release and activation of
pro-angiogenic cytokines sequestered in the ECM10. In particular,
MMP-13 stimulates blood vessel invasion in the presence or
absence of VEGF and bFGF32.
In the present study, ECs cultured in AFCM up-regulated MMP-2
andMMP-13 expression at both mRNA and protein levels relative to
those found in the naïve media control. In contrast, no signiﬁcant
changes were observed in MT1-MMP and MMP-9. In disc degener-
ation, MMP-1, -2, -9, -13, and -14 protein expression are signiﬁcantly
increased5,6,33e36. MMP-2 levels correlate with degeneration
grade35 and histomorphological evidence of disc degeneration34.
Sustained mechanical compression, a known inducer of disc
degeneration, has been shown in animal studies to activate MMP-
237. MMP-2 is also a potent activator of other MMPs10, suggesting
that increased MMP-2 expression potentially initiates a cascade of
downstream MMP activation and subsequent matrix catabolism.
MMP-13 is highly increased in the AF in the early stages degener-
ation and remains highly expressed in the later stages of disc
degeneration5,36. In contrast to MMP-2, the role of MMP-13 in disc
degeneration as an efﬁcient collagenase seems to be straightforward
as one of collagenous matrix destruction38. These results point to
MMP-2 and MMP-13 as primary mediators of invasiveness of tip
cells following activation by factors secreted fromAF cells such as IL-
8 and VEGF. In addition, these EC-secreted MMPs may represent an
exogenous source of catabolic factors that degrade disc matrix.
Because MMPs, including MMP-2, are secreted as inactive zy-
mogens, activation is another key regulatory step for MMP func-
tion39. MT1-MMP is the most common physiological activator of
MMP-2 inactive pro-enzyme. In the present study, AFCM primarily
stimulated the production of active MMP-2. Because MT1-MMP
expression was not affected by AFCM, the increase of activeMMP-2 from tip cells by AFCM appears to be guided by an MT1-
MMP independent pathway. The ﬁnal phase of angiogenesis is
the pruning of formed vasculature; it coincides with the angiogenic
switch turning “off”, and as such, is characterized as anti-angio-
genic10. Normally, vascular regression follows angiogenic responses
during wound healing and endometrial shedding during the
menstrual cycle41. Under pathologic conditions, the normal
vascular regression response is inhibited such as that observed
within a malignant tumor-related microenvironment40,41. Unlike
other MMPs, the level of active MMP-1 directly correlates with
collagen matrix collapse/contraction and capillary regression due
to proteolytic digestion of interstitial collagen41,42. Our data showed
that AFCM strongly suppressed MMP-1 expression from ECs.
Whether AF cells also suppress EC expression of MMP-1 in vivo
during neo-angiogenesis and hence maintain the EC invasive
phenotype require further investigation. The effects of AFCM on
gene expression of MMPs in ECs are to some extent AF cell speciﬁc
since conditioned media derived from non-disc cells, including cell
culture of human mesenchymal stem cells and articular chon-
drocytes isolated from osteoarthritic cartilage, had little or no ef-
fects on mRNA expression of this same set of MMPs (MMP-1, MMP-
2, MMP-13, MMP-14) (data not shown).
AF cell culture conditioned media stimulated NGF production
from ECs
Coexistence between capillaries and nerve ﬁbers is supported
by observations of re-innervation of skin ﬂaps in which the
angiogenesis precedes the nerve regeneration, and nerve ﬁbers are
always associated with newly formed blood vessel43. In degener-
ative IVDs, much of the neovascularization is also associated with
innervation12,44. LeMaitre et al. recently showed that nerve ﬁbers
accompanymicrovascular blood vessels in painful discs. They noted
that nociceptive nerve in-growth into painful discs is linked to NGF
production by blood vessels growing into the IVD from adjacent
vertebral bodies12. Similarly, Johnson et al. showed that nerves and
Schwann cells are found in vascularized areas of degenerate IVDs44.
In the present study, we showed that AF cells produce paracrine
factors which greatly stimulate secretion of NGF from ECs. High
NGF expression is typically associated with neo innervations and
the development of pain in disc degeneration. Whether degener-
ative AF cells play a contributive role in disc neoinnervation re-
quires further studies (Fig. 8).
Fig. 8. A schematic summary of the paracrine interaction between ECs and AF cells. AF cells secrete factors, possibly IL-8 and VEGF, which upregulate EC production of key MMPs (A)
and NGF (C). NGF and MMP are important mediators of nerve in-growth and matrix degradation, respectively. Conversely, ECs secrete factors which alter matrix gene expression of
AF cells (B).
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The ﬁbrillar collagen framework of the disc is composed prin-
cipally of types I and II collagen. The outermost layers of the AF
possessing mostly type I collagen, the NP mostly type II collagen,
and the inner AF a mixture of both type I and II collagens45. The
inner AF is a transitional zone where cells exhibit the intermediate
phenotype and morphology between those of the chondrocytic NP
cells and ﬁbroblastic outer AF cells. Type II collagen gene expres-
sion is restricted to the cells of the inner AF; outer AF cells do not
express this protein46,47. The disc Type II collagens also contain
increased hydroxylation of proline and lysine and a greater
abundance of galactosyl-glucose substitution of the hydroxylysine
that distinguish them from the same collagen types found in other
tissues48. This may limit the lateral growth of the collagen ﬁbrils as
well as increase resistance to collagenase digestion45,48. We
observed that collagen type II is down regulated in AF cells by
factors secreted from ECs, suggesting that ECs drive AF cells to-
ward a more ﬁbroblastic phenotype. This change in matrix
expression may alter the collagen composition and the “transi-
tional zone” AFeNP interactions. Thus the inﬂuence of invasive
ECs on AF cells may contribute to changes in AF cell behavior that
impairs matrix homeostasis and thereby normal disc function49,50.
The major results of this study and the predicted consequences of
the paracrine interaction between ECs and AF cells are summa-
rized in Fig. 8.
It should be noted that our current study has several limita-
tions. First is the use of AF cells from surgical patients with
varying degrees of degeneration. While vascular in-growth oc-
curs almost exclusively in degenerated discs, the lack of “normal”
nondegenerative disc cells prevented us to directly test this idea.
Second, it is also important to appreciate that angiogenesis is a
phenomenon that occurs within the three-dimensional, loaded
matrix with embedded and soluble biological signals and en-
zymes (e.g., MMPs and TIMPs). This study focused primarily on
the effects of conditioned culture media between the two
dominant cell types (AF cells and ECs) within an in vitro 2-D
culture setting, one of the many components of the multi-step
process of angiogenesis. Nevertheless, this study represents an
important advancement in our knowledge of the molecular
consequence of the interaction between AF cells and ECs which is
expected during neo-angiogenesis of degenerated symptomatic
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